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SYSTEM FOR COLLECTING MULTIPLE X-RAY IMAGE EXPOSURES 
OF A SAMPLE USING A SPARSE CONFIGURATION 



5 TECHNICAL FIELD 

The invention relates generally to x-ray imaging and more 
particularly to an x-ray system for producing three-dimensional images. 

10 BACKGROUND ART 

Substantial development has been made in the field of x-ray 
imaging since the discovery of the penetrating capability of x-ray radiation. 
In many applications, radiography is still utilized to produce a simple two- 

15 dimensional projected image, but developments have been made to add 

modalities to this framework. Although developed in the 1930's, mathemati- 
cal algorithms for tomography (i.e., the reconstruction of a three-dimensional 
image of an object from a set of cross-sectional two-dimensional detections) 
have only recently been exploited, with the evolution of computer-aided 

20 tomography (CAT) technology. 

In the medical field, a CAT system is used for detecting images 
representing internal parts of a patient's body, such as a heart or stomach, for 
subsequent diagnosis and treatment. A typical medical CAT system synchro- 
nously rotates a radiation source and a corresponding singular large array 

25 detector to "scan" a set of radiographs and then compute slices of planar 

cross-sectional views of the interior of a human body utilizing reconstruction 
algorithms. 

In the electronics part fabrication field, a CAT system may be 
used during a quality control phase to monitor the state of soldered joints for 

30 electrical components, such as printed circuit boards (PCBs). Without 

requiring physical, visual or electrical access, defects such as shorts, opens, 
insufficient/excess solder, misaligned and missing components, and reversed 
polarized capacitors, can be detected. Other products commonly subjected 
to x-ray inspection include cellular and wireless phones, notebook computers, 

35 routers, switches, and PC motherboards. A typical electronic CAT system 
includes a fixed x-ray source for projecting imaging radiation onto a movable 
object. A fixed continuous detector array located on a side of the object 
opposite to the x-ray source captures the sampled radiation that has passed 
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through the object. In a case where the area of the sampled object to be 
imaged is larger than a field of view of the imaging system, the object and/or 
the source must be moved in order to obtain multiple views. A disadvantage 
with this approach is that there is a time delay associated with the repetitive 
5 start-and-stop motion, since data relating to the sampled radiation cannot be 
continuously taken. 

In the field of tomography, an important process parameter in 
collecting data for assembling three-dimensional information is to obtain a 
wide range of angular projections of the radiation that has passed through 

10 the sampled object. The tomographic angle is defined for each arbitrarily 
small region of the sampled object as the angular range of the projected 
views that have been collected through this region. For example, two rays 
through a point inclined oppositely 30 degrees from the normal to the 
sampled object would create a data set having a tomographic angle of 

15 60 degrees. Accordingly, a large number of two-dimensional views captured 
by an x-ray detector at different angular projections is required in order to 
build a sufficient data set. Mathematical algorithms reconstruct the three- 
dimensional image by computationally combining the two-dimensional views 
captured at the various angles. This computational combination can be either 

20 tomographic or tomosynthetic. In tomographic reconstruction, non-linear 

reconstruction algorithms converge a hypothetical three-dimensional descrip- 
tion to the available data set. In tomosynthetic reconstruction, reasonably 
simple arithmetic and linear operations calculate a three-dimensional descrip- 
tion from the available data set. 

25 One conventional x-ray detection technique utilizes photosensi- 

tive film for capturing an image. However, the drawbacks of utilizing film 
include the use of chemicals for film development and the requirement of a 
time-consuming development process. Recent advances have eliminated the 
need of film. In one available system, a scintillator converts x-ray radiation 

30 that has propagated through the sampled object of interest into visible light, 
and a charged coupled device (CCD) converts the light into electrical signals 
for processing in the digital domain. Other filmless systems employ comple- 
mentary metal oxide semiconductor (CMOS) pixel sensors. 

Notwithstanding the advances made in x-ray detection tech- 

35 niques, an array of sensor elements for capturing a contiguous image is 

commonly used. Several disadvantages and problems are associated with 
a continuous array of sensor elements. First, if any detecting element (e.g., 
one pixel sensor) of the array become defective, replacement of the entire 
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array may be required. Second, if the image captured by the continuous 
array includes regions of the sampled object not required for diagnosis, the 
data acquisition rate is unnecessarily extended. Third, since it is critical in 
collecting images for use in computing three-dimensional information to 
5 obtain the largest possible tomographic angle in the data set, the requirement 
of a single contiguous detector can either limit the tomographic angle for a 
given active area of detector or increase the cost unnecessarily. 

Consequently, what is needed is an x-ray imaging system 
having a detecting arrangement that allows for reliability, efficiency, and 
10 manufacturing and operational cost savings. 

SUMMARY OF THE INVENTION 

The invention is an x-ray imaging system that utilizes multiple 

15 detecting modules distributed in a sparse configuration for detecting 

sub-image data sets with a large tomographic angle of regions of a three- 
dimensional object. The x-ray imaging system comprises: (1) an x-ray 
source for projecting pulses of imaging radiation onto a sampled object, 
(2) a support member on which the sampled object is placed, and (3) a 

20 detector assembly having multiple detecting modules sparsely distributed 

for detecting imaging radiation that has passed through the object. A sparse 
configuration is herein defined as an arrangement of detecting modules in 
which each detecting module is spaced apart from an adjacent detecting 
module by an intermediate distance. In one embodiment, the intermediate 

25 distance is greater than the pixel spacing within the module. A projected 

pulse of radiation is directed at the object from a single addressable point at 
the x-ray source for a clearly defined period of time. The x-ray source and 
the detector jassembly are on opposite sides of the support member. For 
each area-wide pulse of radiation that is projected onto the object at various 

30 angles, a data sample of sub-images of non-overlapping regions is captured. 
Moreover, by manipulating the relative position of the object with respect to 
the imaging radiation projected from the source and by illuminating the object 
with pulses of radiation at selected intervals, a time series of successive sub- 
images corresponding to overlapping regions of the object are captured by 

35 each detecting module. Variations of existing mathematical algorithms 
reconstruct the captured sub-images to form a composite tomographic or 
tomosynthetic image. In one application, the sampled object is a printed 
circuit board (PCB). 
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The detector assembly also includes a supporting structure for 
the placement of the sparsely distributed detecting modules. The modules 
may be identical, but each module is coupled to a dedicated readout channel 
for data transmissions that are electrically isolated from each neighboring 
5 module. Thus, if a module becomes non-functional, the sparse configuration 
of modules enables part replacement to be limited to the defective module, 
rather than the entire detecting array. 

In the sparse configuration, each module is strategically located 
on the supporting structure and is spaced apart by an intermediate distance 

10 from a neighboring module. The distance between each neighboring module 
may be determined on the basis of various factors, such as the specific 
application, economics (e.g., cost savings), and the desired throughput rate. 
The distance between modules may be one-quarter of the lateral dimensions 
of the modules, but is preferably at least as great as this lateral dimension. 

15 Each detecting module includes a two-dimensional array of 

sensor elements for sensing the intensity of the imaging radiation emerging 
from a sampled region. In one embodiment, the sensor elements are com- 
plementary metal oxide semiconductor (CMOS) pixel sensors coupled to 
x-ray scintillating materials. Alternatively, the sensor elements are charged 

20 coupled devices (CCDs). In yet another embodiment, utilizing a solid-state 
material that converts x-ray photons directly to electron-hole pairs (e.g., 
CdTe, CdZnTe) and directly coupling this material to a CMOS readout array 
eliminates the need to provide a scintillator for converting the radiation to 
visible light prior to detection. 

25 An x-ray source may include a source tube and optics for 

projecting pulses of imaging radiation from a continuous region onto the 
sampled object. The continuous region may be a "spot," which is herein 
defined as an area on the anode (or illuminating surface) of generally circular 
shape from which the imaging radiation is projected in a broad range of 

30 angles. The projected penetrating radiation causes each sub-image of a 

region of the sampled object to be captured at a unique projecting angle. The 
projecting angle is defined as the angle of incidence measured between the 
normal of the module and the sampled radiation that is projected onto the 
module. 

35 For each pulse of imaging radiation that is projected, sub- 

images of multiple non-overlapping regions are captured by the modules, with 
each module receiving imaging radiation from a range of projected angles. 
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Accordingly, each capture by a respective module may subsequently be used 
in forming an image of the object. 

In accordance with the invention, the x-ray source and the 
sampled object are configured to achieve relative displacements between the 
5 imaging radiation and the sampled object. These displacements may occur 
during the time between successive pulses. Preferably, manipulation of the 
x-ray spot provides the primary displacement for the collection of data sets of 
the targeted region. For example, the source may be physically moved or the 
spot within the source is moved. The x-ray spot is formed by bringing a high 

10 energy finely focused beam of electrons (30 to 250 kV or greater) to strike a 
target typically fabricated from an efficient x-ray fluorescing material with 
suitable melting point and stopping power (e.g., Gu, Mo, W). Both by natural 
fluorescence and brehmstrahlung processes, a broad spectrum of x-ray 
photons is emitted over a wide range of angles. The position of the spot 

15 can arbitrarily be set simply by positioning the beam of electrons within the 
source -a procedure very similar to the operation of a scanning electron 
microscope. 

The relative displacement between the projected x-ray radiation 
from the source and the object may be provided by linearly moving the sup- 

20 port member in one direction (e.g., x direction) and the x-ray spot position in 
a perpendicular direction (e.g., y direction). Alternatively, the x-ray source 
position can be moved. In other embodiments, relative displacements include 
moving the x-ray spot position or the support member in both the x and y 
directions. The x-ray spot position and/or the support member can be con- 

25 figured to move in incremental steps or at uniform velocity. The generation of 
the pulses should be frequent (i.e., more than one pulse generated per object 
region), so that the time series of sub-images captured by each detecting 
module is of overlapping regions of the object. An increase in the sparsity of 
the detecting modules (e.g., the intermediate distances between modules are 

30 at least as great as the side-to-side distance across a module) necessitates 
an increase in the number of pulses per region examined, if a desired result 
quality for the reconstructed image is to be maintained. That is, there is a 
tradeoff between reducing manufacturing costs by decreasing the module 
density for a given-size detector assembly and the throughput enabled rate 

35 to maintain a given image rendering. 

For each sub-image captured by each detecting module, 
parameter data must be identified. The parameter data includes position 
data that is indicative of the position of the "current" pulse relative to the 
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sampled object at the time that the sub-image was captured and includes 
angular data that indicates the projection angle for the sub-image. Moreover, 
timing data corresponding to the time interval between pulses during relative 
displacement at constant velocity may be identified. The sub-images and the 
5 corresponding parameter data are transmitted to an integrator unit. Depend- 
ing on the type of computational algorithm used for reconstruction, different 
sets of parameter data are used for reconstructing the sub-images into a 
composite three-dimensional image (sometimes referred to as a "description") 
of the object or a two-dimensional slice from the three-dimensional image. 

10 One of the advantages of the sparse configuration is that manu- 

facturing costs are reduced as a result of the reduction in the total number of 
sensor elements, thereby allowing an arbitrary large tomographic angle to be 
obtained without the scaling costs associated with a large single detector. 
Additionally, the invention provides the ability to replace a single defective 

15 detecting module if it becomes non-functional, rather than replacing the entire 
detecting array. While the described embodiments are shown as having a 
number of advantages, other embodiments may not share the same advan- 
tages. 



20 BRIEF DESCRIPTION OF THE DRAWINGS 



Fig. 1 is a perspective view of an x-ray imaging system, utilizing 
multiple detecting modules distributed in a sparse configuration in accordance 
with the invention. 

25 Fig. 2 is a top-view of the detector assembly of the x-ray 

imaging system of Fig. 1 having multiple modules with respective readout 
channels. 

Fig. 3 is a perspective view of a detecting module of Fig. 2 hav- 
ing a two-dimensional array of sensor elements. 
30 Fig. 4 is a perspective view of the detecting module of Fig. 3 

having a radiation-shielding pad. 

Fig. 5A is a top-view of a sparsely distributed array having 
multiple modules with each module being spaced apart from a neighboring 
module by an intermediate distance that is greater than one-quarter of a 
35 cross-sectional distance of the two-dimensional array. 

Fig. 5B is a top-view of the array of Fig. 5A where the inter- 
mediate distance is greater than one-half of a cross-sectional distance of the 
two-dimensional array. 
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Fig. 5C is a top-view of the array of Fig. 5A where the inter- 
mediate distance is at least equal to a cross-sectional distance of the two- 
dimensional array. 

Fig. 6 shows two projection angles formed by a pulse of 
5 radiation sampled by a single module. 

Figs. 7A and 7B provide a successive series of sub-images 
corresponding to adjoining regions as pulses of radiation are generated 
during relative displacement. 

Fig. 8 is a process flow diagram for forming a composite 
10 tomographic image in accordance with the invention. 

DETAILED DESCRIPTION 

In accordance with the invention, Fig. 1 shows an x-ray imaging 
15 system 10 comprising a detector array 12 having multiple detecting modules 
distributed in a sparse configuration on a detector support assembly 14. 
A sparse configuration is herein defined as an arrangement of detecting 
modules in which each detecting module is spaced apart from an adjacent 
detecting module by an intermediate distance. Hence, non-continuous 
20 images of non-continuous regions of the object are captured for each pulse 
of imaging radiation by the arrangement of detecting modules. Each detect- 
ing module 16 is strategically located on the detector support assembly and 
is spaced apart by an intermediate distance 18 from a neighboring detecting 
module 20. The area corresponding to the intermediate distance between 
25 the detecting module and the neighboring detecting module has no detecting 
capability. 

The x-ray imaging system 10 includes an x-ray source 22 for 
projecting pulses of penetrating radiation 24 onto a sampled object 26. The 
sampled object is secured to a support member 28. The support member 

30 should be transparent to the penetrating radiation or should have an opening 
aligned with the sampled object. The detecting module 16 of the array 12 
captures emerging sampled radiation (hereinafter "sampled radiation 30") that 
has passed through the object and intersecting the detecting module. The 
captured sub-image corresponds to a particular sampled region 32 of the 

35 object. In one application, the imaging system 10 allows the detection of 
board features (e.g., solder joints, electrical traces, multi-chip modules, or 
stacked chip assemblies) on single-sided and double-sided printed circuit 
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boards (PCBs), even when these features have limited visual and electrical 
access. 

The detector support assembly 14 is a supporting structure for 
the placement of multiple sparsely distributed detecting modules, including 
5 modules 16 and 20. In one embodiment, the structure is a substrate made of 
a material such as polymer, glass, silicon, metal or ceramic. In an alternative 
embodiment, the structure is a PCB having mounting brackets for individual 
modules and having electrical traces for data transmissions. A dedicated 
readout channel or a plurality of dedicated readout channels is provided for 

10 each module to facilitate electrical isolation between neighboring modules. 

Thus, a single defective module can be replaced if it becomes non-functional, 
as opposed to replacing the entire detecting array. Moreover, the dedicated 
channel(s) facilitates high speed of data readout between radiation pulses. 
Fig. 2 shows a top-view of an alternate detector support assembly 15 having 

15 modules 16 and 20 with dedicated readout channels 34 and 36. While only 
two dedicated channels 34 and 36 and no power connections are shown, 
there is an independent channel or a set of readout lines provided for each 
module. Moreover, the placement of the channels and power connections 
on top of the assembly 14 is not critical to the invention. Alternatively, the 

20 channels can be embedded within the assembly. 

Each detecting module of the sparse array 12 includes a two- 
dimensional array of N x M sensor elements. Fig. 3 is a perspective view of 
the detecting module 16 with a two-dimensional array 38 of sensor elements 
40. All of the other modules have a similar structure. Each sensor element 

25 40 is a radiation sensitive pixel (hereinafter "readout pixel") configured to 
sense the intensity of the sampled radiation 30. The array is formed or 
assembled on or within a supporting structure 42 that may be formed from a 
material similar to the detector support assembly 14. This assembly may be 
monolithic, as in an integrated circuit or a thin film circuit assembly, or a 

30 hybrid assembly where sub-components are manufactured separately and 

brought together in final assembly with fasteners, adhesives, solders, and the 
like. A column shift register 44 and a row shift register 46 sequentially read 
out the sensed signals from each sensor element, using techniques that are 
well known in the art. The placement of the registers is not critical to the 

35 invention. For example, the registers can be embedded within the module. 
Internal readout circuitry (not shown), such as a multiplexer and a signal 
driver, transmits the sensed signals via the dedicated readout channel 34 to 
an integrator unit for processing. While the array 38 is shown as having an 
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identifiable number of sensor elements, other embodiments may include a 
different number of sensor elements, depending upon various factors, such 
as the type of application. A module having a fewer number of sensor 
elements allows a shorter readout time. Depending on the applications, the 
5 sensor elements can be complementary metal oxide semiconductor (CMOS), 
charged coupled devices (CCDs) and the like. While the invention has been 
described as having modules with a similar structure, this is not critical. One 
sub-group of modules on the detector array may have a similar type of struc- 
ture, while another sub-group can have a different type of structure. 

10 Since continuous x-ray imaging radiation is potentially damag- 

ing to electrical components and over a period of time can drastically reduce 
their operational life-spans, a simple scintillator can be replaced with a thick 
fiber optic plate with a deposited scintillator to protect the sensor elements. 
Ordinary shielding can be used to protect the auxiliary circuitry of the detector 

15 modules. Fig. 4 is a perspective view of an exemplary radiation shield 48 
placed between the sampled radiation 30 emerging from the sampled object 
26 and the detecting module 16. While the array 38 must be available to the 
radiation, the column shift register 44 and the row shift register 46 are shown 
as dashed blocks and are shielded from the sampled radiation by the radia- 

20 tion shield. Although this embodiment is shown as utilizing the radiation 

shield for protecting the sensor elements, other embodiments may not utilize 
radiation shields. Conversely, a non-scintillating method is also possible, 
since a sufficiently inexpensive module can be treated as a consumable 
element to be replaced after sufficient doses of radiation have rendered it 

25 inoperable. 

Referring back to Fig. 1, the number of detecting modules of 
the array 12 and the intermediate distance 18 between neighboring modules 
depend on various factors, such as the type of application, material and 
manufacturing costs, and the desired throughput rate. Utilizing a greater 

30 number of detecting modules will obtain a larger set of projections at a faster 
rate, as there are more projected views produced for each radiation pulse, 
thereby generating views with a higher throughput rate, assuming that suf- 
ficient computational power can be maintained with the projection generation. 
On the other hand, utilizing fewer detecting modules reduces the number of 

35 electronic components, resulting in savings of manufacturing and operational 
costs. Fig. 5A shows the detecting module 16 as being spaced apart from a 
neighboring module 20 by an intermediate distance 18 that is greater than 
one-quarter of a cross-sectional distance of the two-dimensional array 38. 
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In another embodiment, Fig. 5B shows the distance 18 to be greater than 
one-half of a cross-sectional distance of the two-dimensional array. In yet 
another embodiment, Fig. 5C shows the distance to be at least equal to a 
cross-sectional distance of the two-dimensional array. While Figs. 5A-5C 
5 show a sparse configuration having a checkerboard design, there can be 
other types of arrangements of sparse configuration, such as circular or 
elliptical patterns, without diverging from the scope of the invention. 

Again returning to Fig. 1 , the x-ray source 22 (i.e., the x-ray 
tube) is provided for illuminating the sampled object 26 with pulses of 

10 penetrating radiation 24. The penetrating radiation 24 that is projected onto 
the detector array 12 defines a corresponding region 52 that includes all the 
regions on the sampled object that will be imaged by the current radiation 
pulse. The region 52 is shown as a dashed block to indicate the area of the 
penetrating radiation that intersects the sampled object. Further, the radiation 

15 projecting onto any detector module 16 defines a specific corresponding 

imaged region 32. If unobstructed by the atomic structures of the object 26 
and the support member 28, the radiation leaving the object propagates in a 
continuous path onto the detector array 12 as the sampled radiation 30. 
Preferably, the support member is designed using a material having relatively 

20 few x-ray radiation scattering or absorbing properties. The only difference 

between the projected penetrating radiation 24 and the sampled radiation 30 
is a decrease in the intensity level of the sampled radiation as some of the 
photons are blocked or diverted.. While the invention is described as having a 
single x-ray source 22 for illuminating the sampled object 26, there can be 

25 multiple x-ray sources for a given sampled object. The number of sources is 
not critical to the invention. 

The penetrating radiation 24 is projected from a spot on the 
source 22 onto the object 26 in a broad range of angles. The sampled 
radiation 30 that has passed through the object provides imaging information 

30 whenever it intersects an active detector module 16. As shown in Fig. 1 , the 
penetrating and sampled radiation travel in straight lines from the spot to the 
detector, thereby defining corresponding regions 32 on the object from which 
the images are formed for the current pulse. Each incident ray of sampled 
radiation is captured by the detecting modules at a particular projected angle. 

35 In one geometry with reference to Figs. 1 and 6, the exemplary projected 
angle 56 or 57 is the angle of incidence measured between the normal 58 of 
the detecting module 16 and the sampled radiations 30 that are projected 
onto the module. While projected angles 56 and 57 define the extrema of 
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projection angles intercepted by the module, there are additional projection 
angles (not shown) between the two extrema. Signals corresponding to the 
captured sampled radiation 30, along with its associated projected angle, 
detected by each sensing element 40 of the module 16 are transmitted to an 
5 integrator unit 60 for processing (i.e., computational combining). In the 

embodiment in which there are multiple modules 16 and 20, multiple incident 
rays of sampled radiation are captured at various projected angles. Conse- 
quently, a range of projection angles is captured and can be subsequently 
used to reconstruct a three-dimensional image or a two-dimensional slice. 

10 A controller 61 of the imaging system 10 of Fig. 1 is configured 

to regulate relative movement between the penetrating radiation 24 and the 
sampled object 26. The controller is coupled to the support member 28 
and the x-ray source 22. Preferably, the support member 28 on which the 
sampled object is placed is configured to move along the x axis. Linear 

15 movement of the support member results in a corresponding linear displace- 
ment of the sampled object. Consequently, linear movement coupled with the 
illumination of an x-ray pulse allow sub-images of different regions along a 
linear path of the object to be captured by corresponding detecting modules. 
Also in the preferred embodiment, manipulation of the x-ray spot provides the 

20 primary displacement along the y axis for the collection of data sets of the 
different regions. For example, the source may be physically moved or the 
x-ray spot may be electronically moved. Coupled with x-ray illumination, 
linear movements along the y axis allow the capture of sub-images of 
different regions in a path perpendicular to that of the support member 28. 

25 Combining linear movements along the x and y axes allows an effective 

sampling of the object 26 in a diagonal path. In an alternative embodiment, 
the support member 28 is configured to move in both the x and y directions, 
while the projection of the x-ray radiation from the source 22 remains station- 
ary. In yet another alternative embodiment, the projection of the radiation is 

30 configured to move in both the x and y directions, while the support member 
remains stationary. 

Relative movement along the x and y directions can either be 
at a constant velocity or in incremental steps. In the preferred embodiment, 
relative movement is at the constant velocity, so that the support member 28 

35 and/or the projection of the radiation from the x-ray source 22 are contin- 
uously displaced during operation, i.e., without starting and stopping as 
pulses of x-ray radiation are generated at selected intervals. The time inter- 
vals between the pulses are accurately controlled. Signals corresponding to 
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each sub-image are read by the detecting module 16 between successive 
x-ray illuminations. Knowledge of the time intervals between the pulses and 
the direction of the relative movement allows a determination of the relative 
displacement and the exact location of the object. The time intervals between 
5 the pulses during relative movement at uniform velocity must be selected to 
give a sufficient data set of projected angles corresponding to the captured 
sub-images in order to generate an adequate computed description of the 
sampled object. Moreover, the strobe time of the x-ray source 22 (i.e., the 
period the source is illuminating) is chosen to be abrupt enough to appro- 

10 priately minimize blurring during movement. An effective shutter or electron 
beam-blanking apparatus having a rapid exposure time can be used. 

For relative movement in incremental steps, the support mem- 
ber 28 and/or the projection of the radiation from the source 22 are repeti- 
tively displaced and stopped during operation according to a pre-determined 

15 grid of source points. Each time the support member is stopped, a pulse of 
x-ray radiation is generated. Sub-images corresponding to different regions, 
including region 32, of the sampled object are detected by the detecting 
modules. Signals corresponding to each sub-image are read by the detecting 
module prior to a subsequent incremental step. 

20 A primary advantage of relative movement at uniform velocity 

is the elimination of "motion dead time." That is, the time required for move- 
ment to reach the target velocity and to stop movement, when no x-ray 
illumination can be projected and no data can be taken, is eliminated. Con- 
sequently, data corresponding to the sampled radiation 30 can be generated 

25 and read from each module during constant velocity at a faster rate. 

As stated earlier, illuminating the sampled object 26 with a pulse 
of x-ray radiation permits the sampling of particular regions (e.g., region 32) of 
the object by the detecting modules. In the preferred embodiment, in which 
the frequency of the pulses from the x-ray source 22 is significantly greater 

30 than one pulse of radiation for every discrete object region, successive sub- 
images corresponding to overlapping portions of a particular object region are 
captured. 

Referring to Figs. 7A-7C, a series of successive sub-images is 
captured by the detecting modules 16 for corresponding regions 32 of the 
35 sampled object 26 of Fig. 1 as pulses of radiation are generated during the 
relative displacement between the sampled object and the radiation. In the 
figures, the relative displacement is in a diagonal direction in relation to the 
modules, as indicated by the direction of the arrows. Fig. 7A shows the 
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locations on the object of captured first sub-images 62. Each sub-image 62 
corresponds to a different sampled region 32 of the object 26. The shape of 
each sub-image is scaled to the shape of detector modules in the detector 
array. Along with the capture of each sub-image, parameter data (including 
5 the projection angles of the incident sampling radiation) is identified. 

Fig. 7B shows the locations of captured second sub-images 64 
with the superimposed locations of the captured first sub-images 62 after 
relative displacement in the diagonal direction. Figs. 7A and 7B do not 
contain any image information of any common region, but rather, collectively, 
10 double the area of the object from which image information has been 
obtained. 

Fig. 7G adds the locations of captured third sub-images 68 after 
further relative displacement and includes both added information about new 
regions and new information with a distinctly different set of projection angles 

15 to a common region 66, as indicated by the superimposed cross-hatching. 
Therefore, the common region is imaged by data of a captured first sub- 
image 62 and a captured third sub-image 68. The common region represents 
two sub-images. Algorithms which recognize common images in successive 
sub-images utilize data associated with the identified projection angles for 

20 each sub-image to form a computed description of the PCB or other object. 

While the captured sub-images 62, 64 and 68 described in the 
exemplary embodiment of respective Figs. 7A, 7B and 7C have only one 
common area 66, the preferred embodiment captures a large number of 
intermediate sub-images and identified projection angles in order to generate 

25 a high resolution tomographic image. 

Moreover, although the embodiments of Figs. 7A-7C include 
capturing a common area 66 by different detecting modules at different tomo- 
graphic angles to form a composite three-dimensional image of the region, 
the same image may be formed from a set of sub-images derived from 

30 different pulses of radiation from different detection modules. In such an 
embodiment, a sub-image captured by a first detection module may be 
combined with a different sub-image captured by a neighboring second 
detection module. 

Moreover, while the described invention utilizes only one set 

35 of detecting modules distributed in a sparse configuration, an alternative 

embodiment can include more than one set of sparsely distributed modules. 
In this configuration, two sets of modules can be positioned and alternately 
illuminated such that one set of modules transmits signals corresponding to 



-13- 



Docket No. 10004322- 



the detected sampled radiation 30, while the second set of modules detects 
the original radiation 24 level, which is used as a reference. 

The integrator unit 60 of Fig. 1 includes processing circuitry 
(not shown) for computationally combining the series of successive sub- 
5 images together to form a composite three-dimensional description or a 

two-dimensional slice of the three-dimensional image. Parameter data such 
as: (1) angular data identifying projected angles, (2) positional data of the 
x-ray source, and (3) positional data of the sampled object can be used for 
computationally combining the successive sub-images for the reconstruction 

10 of a composite description of the object, depending on the types of algorithms 
and data used. The identified parameter data is stated for exemplary 
purposes and is not meant to be limiting. 

Operation of the imaging system 10 utilizing the sparse config- 
uration of Fig. 1 is described with reference to Fig. 8. A process flow 

15 diagram for computationally combining successive sub-images to form a 

composite three-dimensional image or a two-dimensional slice of the three- 
dimensional image of the object is identified. In step 72, the sampled object 
26 is received by the support member 28 for imaging. In step 74, the 
sampled object is illuminated with a pulse of x-ray radiation during or between 

20 relative displacement between the projection of x-ray radiation from the x-ray 
source 22 or a spot within the source and the sampled object. In step 75, 
multiple non-overlapping regions of the object along with parameter data 
associated with each region are captured for each pulse by the modules. In 
step 76, relative movement is provided and steps 74 and 75 are repeated. 

25 The routine allows successive sub-images of features in overlapping regions 
of the object to be captured by each detecting module, along with parameter 
data associated with each capture. In step 78, successive sub-images are 
computationally combined together utilizing parameter data and the sub- 
images to form a composite description of the sampled object. The step 78 

30 may include algebraic addition of multiple sub-images of the same region of 
interest after scaling, resampling to change magnification, spatially offsetting 
to match regions exactly, or adjusting the values to reflect quantitatively the 
absorption of radiation by the object. Additionally, the computational step 
may include back projection (filtered or unfiltered) or other tomographic reduc- 

35 tion techniques and selecting particular sub-images that are advantageous 
such that minimum artifacts from shadowing, geometric superposition, and 
the like, are considered. 
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As is apparent to those skilled in the art, other modifications are 
possible without diverging from the scope of the invention. Accordingly, the 
invention is to be construed in accordance with the following claims. 
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